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Nloclelling two dust features in comet Hale-Bopp (1995  01)
Z. Sekanina

Jet l’ropul$iori I,aborator),  California l~istitute  of ‘Jcc}IIIoIogY,  4800  Oak Grove IJrivc. Pawvder,a, (“A 91109. 1“. S. .i

Abstrac t .  A Nlonie Carlo co~nputer si)[lulatioll code  for

generating, synthetic images of clust features ill coIncts is
a])~)licd to COltlct }Iale  - HOpJ)  to model  the diurlla] C\JO]U -

tioll  of a Lrigllt  jet and the appearance of near]} concetttric
h a l o s .  Altllougll  bot]l the jet and the halos \vere u]lder  ob-
servation  fc)r long  periods of til[le in early 1997, tl[cy  are

unrelated, having originated from different discrete enlis-
sioIl sources on the IIucleus.  Tile comet’s coIIII)lcx state of
rotatiolk is confirmecl,  arid  tile major effects of the diurnal
rcginle of dust. production and the particle size distribw
tion lal{ on the observed features are exemplified.

Key words:  comet  Ilale - Bopp - diurnal cvo]utiol)  of a
ciust jet - dust halos - ~luclear  rotatiol) elliissioll  s o u r c e s

1. lutroduction

]n early 1997, the impressive list of loorphological  clust
f e a t u r e s  d i s p l a y e d  by comet  hale BOPI)  (1995  o]) we~

even longer, documenting the complexity of the comet’s
activity. Unfortunately, one  fl~lds mUCh  confusio~l  and everl
plain errors in published attempts to interpret tliese p)le-
nomena. Two features that offer important information
both on tile comet’s state of rotation and 011 the process
of dust emission from the nucleus are discussed below.

One is a short, bright jet. of variable directio~l,  which
}vas reported by marry  observers  itl the third q u a d r a n t .
From images taken bet ween January 12 a~lcl February 1 (1,
1997. Lecacheux et al. (1997)  noticed the jet’s orientation
to change measurably o~i a time scale of less than 2 hours,
\vitli  a recurrence period of 11.4’i + 0.05 hours.

The other morphological feature is a system of nearly
concentric halos (also called ripples, shells, rings, waves,
etc.), first reported by Hergenrother et al. ( 1997).  IU spite
of the various terms used, the formatiou of dust halos
in comets is well understood. ~’}iel are identified with
the sharp outer boundaries of conical sllects of particu-
late material released from a discrete emission area on
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the nucleus. .4 successful model[illg  of halo fortnatiolls  re-

quires that tlie si7,es o of the particles i[f}ollecl  hare a steep
clistributiorl cr-’ da, w i t h  s > 5. ~’llese :raills roust be ac-
celerated to terminal eject  io~l velocities of --0..5 kIJL/S that
arc Ilearly irldcpe]lde~lt  of the size  atld represcrlt ~lic p e a k
~)article  velocities. g’he best candidates  are grains f r o m
W(I.Z to <] microxl  in diameter. o~,ticall~  ttle smallest and

the most ilnr)orta]lt  particles in conlets. 3 he:” could derive
froln  larger, very  fragile parent partic]c+ that fragnlented
})recipitousl~’  s h o r t l y  after ejecliorl fro]n tile ~luc]eus.  i f
srrflicient]y  large momentum cart bc acquired b} tl)e frag-
Incllts either during breakup or ill tile course of i!lteraction
with expanding gas near the nuc]eus.

ITt additiorl, i t  \vas SI]OJVII  bj Sekatlilia allcl I.arson
(1984)  that multiple dust halos are dia:[los[ic of a rapicll~
rotatitlg c o m e t  rluc]eus  arid  that  tk!e] co~lstraill  tile ori -
etltation of its spirl axis  al t h e  t i m e  (SW alsc) Sekaniua
1987, 1991 ). Bond’s (1862)  descripLiori  of rnultil,le halos iri
coltjet l)orlati (1858  L] ) was  ein})loycd  t)j J\-llipj)lc ( 1 9 7 8 )
to argue that they were products of dust emissiori from
a single active area on the nucleus ~rhose  rotalion periocl
was  4.6 hours, perhaps the shortest ori record.

I’ro~)osing  an early model for comet Hale- Bopp,  based
solely on  the hig}~-resolutiorl  images c) blairted in 1995. 1
corlclrrded  that the nucleus \vas  ir( a complex state of ro-
tation (Sekanina 1996a). Recent observations appear tc,
corroborate this conclusion (Jorda et al. 1997).

2. Monte Carlo simulation of dust morphology

The morpllo]ogical  features of interest are nlodelled  in
this  study by applying a hionte Carlo computer  sinl-
ulation code, which generates syntkletic imagas  of dust
ejects released fronl discrete sources on a rotating nucleus.
Brief descriptions of this technique can be found elsewhere
(Seka~,ina  1996a,  b and several references therein).

Dust-morphology models generated in this fa.shiou  are
defined by their rotation and dust-emission parameters.
It is assumed that pure spin approxirnatw satisfactorily
the comet’s state of rotatio]l during a fraction of a day, a
reasonable assumption if significant long-term variations
occur over a period of w20  days (e.g.. Sekanina 199Ga,
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Jorda et al. 1997).  The positiol) of the spill  axis can  tl)eli
lx cldiilecl  hy t~vo Eulcrian a~l~les, tile ar. gulocllt @ al, d
the ol)liquity  1 (e.g., !%kallina  1981a), o r  by t h e  coordi-
nates of the north rotation pole (froln wliich  tttc II UCICUS

is seen to spill  count erclock~vise)j  whi le  the ado])  ted sl)ill

period is based 011 information by Jorcla et al. (1997). It
is further  assumed that the dust ejects that lnake up the

observed features \vere  released fronl discrete sour-cm ac-
tivated olIl~ froln sunrise to surlsct. 7’IIc locations of the
s o u r c e s  and tllc circumstances of their activity, toget]lcr
~ritli (IIC s[)i[i-vector constatlts, are  der ived tJJ fittitlg tlte
observed illlages of the features by trial and error.

‘1’lIe c]ust-ejects parameters for tile exanlilied  features

iri ]Ialc lk)~)~) are ICSS \vcll d e t e r m i n e d .  ‘1’hey cannot  k
tight]> collstrainec] because of the unavailability of J)lIc)-
lolllctric il]forlnatiorl.  F o r  this rcasol[, a co]lstant rate  of
c]ust I)roductioll Ivas assumed bctw’cell suilrise ancl sutlset.
I)illlits o]] tile p a r t i c l e  accelcratiorl L’7 by s o l a r  racliatioll
~)ressurc  (a dimel[sion]ess cluatltity exIJresscd  i n  u n i t s  of

the Surl’s  attraction) are only crudely comstraillccl  at this
tirllc, k.mcl orl the recoglli7ecl  p r o p e r t i e s  o f  tile sIwcific
features (Sects. 3 aud 4). From my ex])eriellcc  wittl  other
comets ,  t}le peak B ~’aluc should be betwee]l  0.5 arid  2.5.
llo~vever.  011 tin]c scales of a frac[io]l of  a  day,  par t ic le
]tlotio~ls  are clcterminecl  primarily b! tile ejcctiorl  velocity
~~j~c(. lvlIosc  relatior] tc) tile acceleration P is  ~iwn bY

–1 _
7 12JCC[ — .4 + Ilp-1/Z, (1)

~rllere  A and B are consta]lts \vliose  values arc exterlsively
d i s c u s s e d  irl tllc illvestigatio~ls of comets 109 P/Swift-
g’uttle (Sckanina  1981b)  a n d  1 1 ’ / H a l l c y  (Sekanina a n d
Larsol) 1984. 1986). ‘1’he values o f  A  and }s’  call be cal-

culated from the adopted limits 011 /3 and teject.

3. Diurnal evolution of the bright jet

On February 28. 1997, Jorda et al. (1997) were monitori-
ng tile diurIla] evolution of the bright jet, usir[g a ~lcar-
infrared filter. 111  their Pic-du-Midi okerving run, fronl
3:50 until 15:35 I’I’C (i.e., nlost]y in broad daylight), they

tooli a total of 1100 images that cover an entire rotation
cycle.  A rl artimated representation of some 7(I cc)- added
fra~oes  is available in a referenced electronic report.

At tile level of detail seell  on the animation seque~lce
(affected by a \ariable signal-to-noise ratio), the jet first
appeared at a position angle of N240°, growing gradually
longer. rotating toward the south (clockwise), and broad-
ening sc)meurhat.  A peculiar property is an i]ldication  that
the jet’s rotatiorl stopped near a j~ositio~) angle of 1 8 0 °
about ~r~id~vay  through the cycle. The jet then persisted
in this direction until it faded a~vay and a new jet appeared
at a position angle of -240° after the onset of the next
cycle. I notice no sign of the jet~s  reversing the sense of its
apparent rotation at any time.

The derived rotation and dust -emission parameters for
a crudely optimized model of the jet’s diurnal evolution

T a b l e  1 . }{otatioIl  a o d  ctust-elnissio~l  pararuetcrs u s e d  t o
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b !iawd or, irl{ormation  from Jorda et al. ( 1997).
‘  C)JLe  rotatior,  for tt,  c j e t ,  sevt211  cortw<utive rotatiohs  fOr the ktalm

are listecl  irl co)umrl  2 of l’able 1. !I’lle observed persisting
s o u t h e r l y  clirectioll suggests that s lower ,  It]icror]-sizecl  a n d

larger ~)articles  were plentiful ill these ejects. ‘1’he lower
limit for o~j,,~ \vas t h e r e f o r e  talcell  to amctunt tO ‘i ]l”, /S,

the velocity of escape from the nucleus of an assu~oed
bulk density of 0.2 g/cn13  arid  40 kro in diameter (IVeaver
1995).  The roodelled diurnal evolutiorl of this jet is dis-
played i~l Fig. 1. l~or tlIe  sake of argument, it is assumed
that the jet’s source was activated exactly at 3:50  IJTC
(as observed at Jjart,t,),  which  is identified with the time
of sunrise at the source, No trace of the jet is predicted
to show 10 minutes after activatio~l.  The ntodcl jet, whose
leligtll increases rapidly,  remains essentially rectilinear for
the first two hours, then its curvature becomes apparent.
It broadens strikingly some 5 hours after activation, at
which time tile persisting bright sub-jet itlside the feature
already points directly south, faithfully simulating the ob-
served behavior. Dust emission is calculated to have ceased
at 11:05 lJTC, the time of sunset. No sign of this ternlina-
tio~l of activity is seerl in the synthetic images, whiclt sho}r
a perceptible fading of the sutj-jet only ?- 3 hours later.
The next diurnal cycle of activatio~l  begatl  at 15:05  [J’TC,
with traces of the new  jet seen in the last two frames. For
further details, see the caption to Fig.  1. A refilled mode]
will be formulated whe~l more in formatio~l  is available 011

tl]r  jet’s observed evolution.
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Fi~. 1. S} ’rlt}letic.  corr~~)uter  gerlcratecl  inlages siruulatirlg tht cliurl]al  evolut ion of  the bright jet of cornet Hale-  I}opp  o b s e r v e d
k>~ Jor& et al. ( 1997)  at l’ic  do Micli on  l’ebruar~’  2S, 1997. ~’he dot  derlsit~ is pro~)ortiorml  to the irlteglated g e o m e t r i c  c r o s s
sectiolial  area  of  t}lt dust ejccta.  ‘1’}Ic neight,orirlg frames  S}IOM cklar(ges ilt the jet’s ap}warance ill 3(1-n~inutc  irltervals.  ‘1’lle m o d e l
assun]es the cmissiort  source to  bc a c t i v a t e d  at sunrise.  talieri  LO occur  at 3:50  1’1’(1 (as  o b s e r v e d  a t  Eartli). ard t o  p r o d u c t

dust at a COIISLWIt  rate betweer!  sunrise al)d  sunset. ‘~l)e first  f rame shows nc) trace of t}lc jet 10 minutes af ter  activatio~,. ‘1’iIt
t ransi t  across tile sul,so]ar  mer-idiarl  c)ccurrcd  at 7:2.S 7T’1’C  arlcl the aclivit~ Lasted for 7*’ 15m’, terminatir)~  at 11:05 UT(T  (sorlset ).

Notcwvorthj is tllc formatior, of a bright sut.,-jet  ill tile broaderling  feature later ir! the cycle.  ‘1’he orientat ion of  t}lis suh-jet dicl
riot cllarlgc  f o r  sornc 7 hoLIrs. d u r i n g  u’hic}i it ~va<  p o i n t i n g  d i r e c t l y  tc, the  soutl,. It e v e n t u a l l y  made UII the ea~terl!  bourldar~

o f  the origitjal jet. }vhic}l  iu LIIc nleantimc turlwd irlto  a farl-sllalwcl  f e a t u r e  with a sec[or angle of M- 7 0 ° .  A  r)ew jet begaTl t o
dcvelor,  a t  1.5:05 7’1’(’;  i t  s}iows u~, irl tllc la<t ttvo  frautes. ‘1’he  nlodel  suggests that remnants of tile OICI  jet were  surviving eWII

o.f~er  tk soLIrce’s rcactivatiorl  ill tllc IIrV cycle, II] terms of tllc sklor( jet’s evolutiorl, the second frame fits rnid~vay betvveerl  tllc
la<(  ttvo fral[les.  I,ac},  frame  is 8 arcsec or, a sid< , equivaler)t  to 9160  liI1i at t}lc c o r n e t .  North is UJ, al,d east  LO t}lc left. ldeutificd

aw tlt~ [,ositiorl  of the  nucleu<  (sol id circles)  and tl!t plojectcd  dircctio~ls  of the spir( vector  (u) slid tkie SUII (circlecl  dot ).
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F i g .  2 .  Synthetic images  simulatirlg  the systeul  of ~warly cor,-
cerlt ric halos of conlet Hale- Hop],,  observed by I,arso]l and I1el -
genrother  (1997)  at tl,c S t e w a r d  o b s e r v a t o r y  01, F’ebruary  9,
1997. ‘1’})e dot  der]sity i s  }Jr’opor’tiorial  to tile irlteg]at.ed  geo-

metric cross sectio~lal  area of the dust ejects. ‘1’hc  individual
frames  refer  to the follo\villg  comhitlatior,s  of  the argument  d’,
the obliquity 1, and the emission source’s comet ocer]tric  lati-
tude: (a) 35°, 100°, –5°; (b)  45°, 100°) –5°: (c) 45°.90°, +5°;
( d )  4 5 ° ,  lot)”, 00: (6) fit)”, 90°, +5°; (/) 6 0 ° ,  9 0 ° ,  + 25°.  Itact,

frame  is 18(I arcwc  wide and  125 arcsec hi,g}, ( 2 4 0 , 0 0 0  km  b~
167,000  km  at t},e co~tlct ). F’CIT  the oriel,  tatior, and ot},ct  iltfol  -

n~atioll,  see the caption to Fig. 1.

4. System of nearly concentric halos

A system of several halos that became visible i~, early 1957
is exemplified on an image obtrtined by l,arso]l and Her-
genrother (1 997) 011 February 9, 1997. Its co~nputer  prc}-
cessed  versio~l is presented in the electrclnic report by tile
two observers. The separation betwee:l two rleighboriug
halos \vas  about 8 arcsec.

Six models of the halos in Fig. ‘2 cover seve]l consec-
utive rotation cycles. If the comet’s state of rotatioll is
complex, the assumption of a f~xed spill  axis is now less
safe than it was for the jet. lIJ each cycle, a constant rate of
dust production was assumed for the halo-emissioli  source
between sunrise (the western cr(d of the halos) and surt-
set (the eastervl  end). No attempt was ~nade  at this time
to match the observed brightness variations along the ha-
los. Si~lce high particle accelerations due to solar radia-
tion pressure would smear the outer halos (ill which the
ejects are several days old), a constraint @ < 0.5 was im-

plemented  to make the models compatible wittl  the ob-
ser~,ed sharp boundaries of all the halos.

‘J’he six rnc,dcls  irl Fig. 2 allot{ or[e to exarj[irje  effects of
varyirlg  tlteir basic parameters. Colnparirlg  o a]]c] h S}IO\VS
that a cllarlge  in @ rotates the systenl  of halos  ill Jmsitiorl
angle. Co]rr])aring,  c ivitll  c indicates  that  a  c}larlgc  ill 1
\’aries  a tilt of the ijatterll. I,astly. corrlparir]g  h Ifilh d and
es[)ecially c }vith j slIo\vs that a cllarlge  in ttie s o u r c e ’ s
la t i tude affects  tile extent of tllc lialos in ~)ositior, angle.

III l;ig. 2, the  bes t  match to the obseri’ed  image is
]Jrobab]y  offered by the case o (rlI = 3.5°.1 = 100s j. \\hose
IJara Ineters are listed i[l co]urnn  3 Ofl’aiJ]e  ]. ‘]’)ie  s~)imaxis

I)ositioll  derived in Sect. 3 to fit tile jet”s diurrlal eiolution
fails tc) ofkr all acceptable mode] for the s!s[errl of halos.
as cxerll~)liflccl by t]lc  cases c arlci f. I a m  thus corrrj)e]lecl

tc) confirtll my earlier conclusion (Sekauilla Igqfia  I tl]at t)~c
Cc)mcl “s sta(c oj rotation cortnof k }Iurf s))irl.

SoIIle published images suggest tile ~,rew],w  of adcli-
tio]lal IIa]o s~stcrns atld/or a  l>ossibilit! Il]at llIe  soutll-
easter~[  and southwestern branches of [he llalcr s}stcln col I-
siclered  IIcre to trc a sit)gle  feature }vcrc irl fact two se})aratc

forInatio~]s.  ~’his issue remains to be further exariliticd.
I~i~lall~, tl, c results of this stud~ indicale tha~ the jet

and tile halo syste]n co~lsisted  of physical]}  utlrelatec] clust
ejects. wit]] different particle size  distributioI[ laNs  ancl re-
leased fro~rr difl’crerlt en)ission sources.

AckrIouI[rclgcr/I  eIIts.  g’tlis r e s e a r c h  has beeli  carriecl o u t
at tile Jet I’ro~)ulsio]l  Labora tory .  Califor[lia IIls[itutc of
I’echriology,  urlder  co~ltract  ~~itll tlte \atiorlal .iero]iautics
ancl S])acc  Adn[inistration.
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